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Somatic cell differentiation is required throughout the life
of a multicellular organism to maintain homeostasis. In con-
trast, germ cells have only one specific function; to preserve
the species by conveying the parental genes to the next
generation. Recent studies of the development and molecular
biology of the male germ cell have identified many genes, or

isoforms, that are specifically expressed in the male germ cell.
In the present review, we consider the unique features of male
germ cell differentiation. (Reprod Med Biol 2007; 6: 1–9)
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INTRODUCTION

ANIMALS CONSIST OF somatic cells, which comprise
the organismal structure and maintain homeostasis,

and germ cells, which function only to preserve the
species. Germ cells differentiate into gametes (sperma-
tozoa or ova) that convey the parental genes to the next
generation through fertilization.1 Germ cells are the
only cells that undergo meiotic division, which occurs
during germ cell differentiation and involves mosaic
recombination of homologous chromosomes. As a result,
each chromosome of a haploid germ cell is an arbitrary
assemblage of parts of the two homologous parental
chromosomes. Because mosaic recombination and mei-
osis can prevent the fixation of accumulated mutations that
have arisen spontaneously on one chromosome during
gene replication or other processes, sexual reproduction
is the most effective mechanism for maintenance and
adaptation of species.1 Although germ cell differentiation
is entirely unrelated to maintenance of homeostasis for
the individual, it is one of the most important processes
occurring in multicellular organisms.

As many as 15% of human couples2 are infertile, and
male infertility is associated with about half of these
cases. A decrease in sperm production has recently been
reported.2 Although advances in medical technology
have allowed some infertile couples to have children,
more than half of all infertility is idiopathic.2 Because
unresolved environmental problems such as global
pollution might be causing endocrine disruption, a
thorough understanding of the basic mechanisms of
germ cell differentiation is critical for development of
infertility treatments. In the present review, we describe
the current state of understanding of the specifics of
male germ cell differentiation.

SPERMATOGENESIS

GERM CELLS DEVELOP from primordial germ cells
(PGC) that are formed in the first stages of

embryonic growth.3 In mice, PGC are first observed at
days 7–8 of pregnancy, in the extra-embryonic meso-
derm. They subsequently migrate through the hindgut
and dorsal mesentery, undergoing repeated multiplica-
tive divisions, and establish the gonadal primordium.
At this stage, whether a particular cell will be a male or
female germ cell cannot be determined. At days 12–13
of pregnancy, seminiferous cords formed by Sertoli cell
precursors appear in the gonadal primordium, and
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whether the gonad will be a testis or ovary is deter-
mined. In the testis, PGC proliferate until days 13–14
of pregnancy, when their cell cycles are arrested, and
they do not recommence proliferation and differentiation
until a few days after birth. In the ovary, PGC/gonocytes
enter meiosis and arrest in the prophase of meiosis I.

The male versus female germ-cell fate of PGC is
determined by the environment around the genital
ridge and other factors.4,5 The sex chromosome is
important before meiosis, however, because the XY
ovum differentiates in the ovary and the XX sperm of
testicular origin cannot differentiate.6,7 The systematic
differentiation processes in the testis are supported
by Sertoli cells and by interstitial cells of the testes
(Leydig cells); functioning of these cell types is regu-
lated by testosterone and other factors. After birth, the
spermatogonia emerge from cell cycle arrest and the
first wave of spermatogenesis begins.

Spermatogenesis occurs in seminiferous tubules
throughout adulthood and produces huge amounts of
sperm. The process requires approximately 1 month in
mice and 2 months in humans and can be roughly
divided into three phases. First, the spermatogonia pro-
liferate and differentiate. Second, meiotic prophase of
the spermatocytes occurs, leading to the formation of
haploid round spermatids. Third, the morphogenetic
events necessary for sperm formation occur in the
postmeiotic phase.

Spermatogonia, the multipotent stem cells of the germ
line that are reprogrammed through cell differentiation,
proliferate by mitotic division. In spermatogenesis,
differentiation of spermatogonia or PGC is important
for subsequent meiosis and spermiogenesis; mice
deficient in either Vasa or Mili, homologous genes
normally expressed in PGC, exhibit imperfect meiosis
and differentiated spermatids.8,9 Adult germ-line stem
cells that are multipotent in culture can be isolated
from spermatogonia.10 In the leptotene phase occurring
within about 2 weeks of spermatocyte formation,
synapsis and crossing over are observed. Two (meiotic)
cell divisions unaccompanied by DNA synthesis occur
in the zygotene and pachytene.

After meiotic division (during the process of haploid
germ cell differentiation, or spermiogenesis), the rounded
spermatids undergo marked morphological changes to
become sperm; the nucleus assumes a compact shape,
the mitochondria are rearranged, the flagellum forms
and the acrosome is generated. This period of differenti-
ation lasts for about 5–6 weeks in humans11 or 2–3 weeks
in mice. As the first sperm cell is completed in the testis,
the spermatogonia, spermatocytes and spermatids are

systematically arranged in the seminiferous tubules; the
spermatogonia are in the tubule walls, the spermatids
are at the tubule centers and the spermatocytes are
between them. The spermatogenic cells included in the
testicular tubule section are understood to form by the
combination of spermatogenic cells at a specific stage
of differentiation. In the rat, the spermatogenic cycle of
each tubule of the seminiferous epithelium is divided
into 14 stages by this combination in stage 12 in the
mouse. This stage can be crudely distinguished by the
differential density of the spermiogenic cells observed
by microscopy of the separated, extended tubules.12

Stem cell proliferation and differentiation, meiosis,
generation of haploid germ cells, and morphogenesis
of the developing sperm require approximately 1 month
in mice and 2 months in humans. The sperm that have
completed morphogenesis move from the testis to the
epididymis after collection in the rete testis through
the center of the testicular tubule. The sperm mature in
the epididymis and are finally ejaculated from the vas
deferens through the caput, corpus and cauda in the
epididymis. The caudal sperm are used in in vitro fertili-
zation (IVF) procedures.

In mammals, various hormones act on specific cells
to maintain homeostasis of the living organism. Many
hormones, growth factors and vitamins act on the testis
to regulate spermatogenesis.13 The adrenal gland and
testes secrete androgen hormones, one of which (testo-
sterone) is required for spermatogenesis. Testosterone
is secreted by the Leydig cells, which are adjacent to the
seminiferous tubules. Luteinizing hormone (LH) stimu-
lates the secretion of testosterone from the Leydig cells,
and follicle-stimulating hormone (FSH) secreted from
the pituitary gland is required for proper functioning of
Sertoli cells in spermatogenesis. FSH secretion from the
pituitary gland is suppressed by inhibin secreted from
Sertoli cells and induced by activin secreted from Sertoli,
peritubular and Leydig cells. Spermatogenesis is also a
temperature- and radiation-sensitive process.13

Only germ cells undergo meiosis. The multipotency
of the fertilized egg is guaranteed by telomere mainte-
nance and reprogramming. Germ cell differentiation is
strictly controlled by hormones. Male germ cells are
unique in morphology and function, and they have
male-specific genomic imprinting. Many specific gene
products are required for spermatogenesis.

SPERMIOGENESIS-SPECIFIC GENES

GENE DEFICIENCIES THAT cause infertility in mice
have been reported.14 The cause of the infertility
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might be determined by examining the efficiency of
genes that are ubiquitously expressed in all tissues.
However, many genes are specifically expressed during
spermatogenesis,15 and specific genes have been shown
to function in spermatogenesis. If the mutation of a
haploid germ cell-specific gene is the cause of male
infertility, then it will not influence somatic cell differ-
entiation or any cell differentiation in the female.

Genetic analyses of germ cells have shown that germ
cell-specific isozymes of ubiquitously expressed genes
function in testicular germ cells.1 For example, almost
all steps of glycolysis in germ cells might be catalyzed
by germ cell-specific isozymes.1 In addition, many
intronless, germ cell-specific genes are present on germ
cell chromosomes.1,16

TRANSCRIPTION IN HAPLOID GERM CELLS

CHROMATIN RESTRUCTURING IS a unique charac-
teristic of the male germ cell. Nuclear elongation

and chromatin condensation occur concomitantly with
modifications in the nuclear basic proteins associated
with DNA. Histone displacement is accompanied by
several biochemical events and a set of basic nuclear
proteins appears; these proteins include tH2A, tH2B,
H1t, spermatid-specific H2B (ssH2B), haploid germ
cell-specific nuclear protein 1 (Hanp1), testis-specific
HMG (tsHMG), histone H1-like protein in spermatids
1 (Hils 1), transition proteins (TNP), and protamines.1

The transcription that occurs during spermatogenesis
commences in the almost round spermatids and these
transcripts are translated in accordance with spermatid
elongation. The cAMP-responsive element (CRE) mod-
ulator protein (CREM) has been shown to play an
important regulatory role in spermiogenesis by bind-
ing to CRE sequences on the genomic DNA.17 CREM-
deficient mice exhibit decreased testis weight and a
complete lack of mature spermatozoa in the seminal
fluid; histological analyses of these mice have shown that
spermatogenesis is arrested at the early round sperm-
atid stage.17

In somatic cells, transcriptional activation by CREM
requires phosphorylation of a unique regulatory site
(Ser117) on CREM by the ubiquitous coactivator CBP
(CREB [CRE-binding protein]-binding protein).18 In
the testis, CREM in testis (CREM-τ) transcriptional activity
does not require CREM phosphorylation but is, instead,
controlled by the interaction between CREM-τ and the
ACT (tissue-specific activator of CREM in testis) protein18

(Fig. 1). TISP-40 (the transcript induced in spermiogenesis
protein-40) is also associated with CREM-τ.19 ACT is

regulated by its selective association with the testis-
enriched kinesin KIF17b, a kinesin highly expressed in
male germ cells20 (Fig. 1).

Some genes that are specifically expressed in haploid
germ cells have been shown to lack CRE motifs in their
promoter regions, suggesting that CRE-independent
regulatory mechanisms are also present. Homeobox
genes that are expressed only in specific cell lineages
are of particular interest as candidates for the regulation
of differentiation, but the regulatory functions of these
genes in spermatogenesis are still largely unknown.
Some fundamental transcription factors are expressed
during spermiogenesis, such as TATA-binding protein
(TBP), which accumulates at much higher levels in
early haploid germ cells than in any somatic cell type.21

The expression of specific genes appears to be regu-
lated by alternative splicing of transcripts.22 The CREM
gene is differentially regulated during spermatogenesis;
repressors (α, β and γ) are expressed in pre- and early
meiotic germ cells, whereas activators (τ, τ1, and τ2)
are abundant in postmeiotic germ cells.23 Low levels of
CREM activator expression have also been detected in
pachytene spermatocytes. Furthermore, Sertoli cells are
reported to express a CREM isoform (an inducible cAMP
early repressor) that is truncated as a result of trans-
cription from an alternative promoter.24 RNA-binding
proteins might also play roles in germ cell-specific
mRNA splicing.25,26 Recent studies have shown that
ejaculated human spermatozoa contain the transcrip-
tion products of over 1000 genes27 and specific RNAs
function in fertilized eggs as well.28

TRANSLATION IN HAPLOID GERM CELLS

THE CYTOPLASM OF haploid germ cells is lost during
postmeiotic spermiogenesis. Many genes are trans-

lated when necessary from transcripts stored in round
spermatids. An intercellular bridge connects the hap-
loid spermatids, creating a cytoplasmic interconnection
through which some mRNAs and proteins are trans-
ported.29 RNA-binding proteins are also important in the
temporal regulation of translation;30 they add poly(A)
sequences to transcripts31 or interact with cis-acting
elements in the 5′- and 3′-untranslated regions (UTR)
of certain genes32 (Fig. 1). H- and Y-elements are found
in the 5′- and 3′-UTR of genes expressed in spermatids.
The genes for protamines 1 and 2 are first transcribed
in step-7 spermatids, but are not translated until about
step 13 of spermiogenesis.33

Many protein-mRNA complexes have been found.
Testis-brain RNA-binding protein (TB-RBP/translin)
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and translin-associated factor X (TRAX) bind to mRNA
on protamines and to A kinase-anchoring protein 4
(AKAP4),34,35 and these protein-mRNA complexes are
transported across the interspermatid bridge. TB-RBP/
translin complexes bind to H- or Y-elements on mRNA
transcripts, and these protein-mRNA complexes, together
with Ter ATPase,36 are transported by KIF17b through
nuclear pores to polysomes for storage in the cytoplasm.35

These various mechanisms of transcriptional and post-
transcriptional regulation might also act cooperatively.
Some mRNA-binding proteins, such as Prbp (Prm-1
RNA-binding protein),37 MSY2 and 4,38 Spnr (spermatid
perinuclear RNA-binding protein),39 PABP2 (poly(A)-
binding protein 2),40 and TPAP31 might serve to adjust
the timing of translation. The length of the poly(A) tail

of mRNA expressed in the testis changes during sper-
miogenesis,31 and PABP inhibit translation in vitro,41

suggesting that the length of the poly(A) tail affects
translation in spermatids.

THE Y CHROMOSOME

THE HUMAN Y chromosome is roughly one-third the
size of the X chromosome, but the number of genes

encoded by the Y chromosome is less than one-third
the number of genes encoded by the X chromosome. Both
telomeres of the Y chromosome include a pseudoauto-
somal region (PAR), which shares homology with regions
of the X chromosome. The non-recombining region of
the Y (NRY) accounts for 95% of the Y chromosome,

Figure 1 Schematic representation of the regulatory pathways affecting gene expression during mouse spermatogenesis.1

Spermatids are connected by intercellular bridges. The pathway of transcriptional control by CREM-τ is shown in green. RNA-
binding proteins or poly(A)-RNA polymerases modify the translation of transcribed mRNAs, which are then transferred to the
cytoplasm along microtubules by the kinesin KIF17b (red). Some mRNAs are transferred to another cell through the intercellular
bridge (blue). The timing of translation is regulated by RNA-binding proteins (yellow). Circles indicate proteins, T.C. indicates
the transcriptional complex, and the boxed Y and H indicate Y- and H-elements on the mRNA, respectively. Bars indicate
microtubule networks, and arrows show the direction of movement of protein and protein-mRNA complexes. Doublet boxes and
circles indicate cell membranes and nuclear membranes, respectively.
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and does not undergo homologous recombination with
the X chromosome. The possibility that rearrangement
might occur among the many repeated regions of the Y
chromosome has been raised. Because the Y chromo-
some has no homolog, and most areas do not partici-
pate in homologous rearrangement, the genes of the Y
chromosome are passed directly from parent to child;
however, as a result, genes might be maintained with-
out mutation. The NRY is composed of euchromatin,
areas of transcriptional activity, and heterochromatin.
Many Y chromosome genes are multicopy genes that
do not include open reading frames; however, the Y
chromosome contains genes that code for approxi-
mately 30 types of proteins, and half of those genes are
expressed specifically in the testis. Both the X and Y
chromosomes might play roles in germ cell differenti-
ation, and some of the genes that function in somatic
cell differentiation might work together with hormones
to regulate the development of the different sexes.42 The
sex-determining region Y (SRY) gene on the short-
terminal region of the Y chromosome is also important
in sex determination.43

Deletion of the Y chromosome causes male inferti-
lity, as do microdeletions in the azoospermia factor
(AZF) locus of the Y chromosome. Deletion of AZF has
been reported in 5–15% of azoospermia and oligosper-
mia cases. The long arm of the Y chromosome contains
at least three distinct deletion-sensitive regions, termed
AZFa, AZFb, and AZFc.44 AZFa has a length of 800 bp
and contains the USP9Y and DDX3Y genes, which are
involved in spermatogenesis. RBMY is a multicopy gene
found in AZFb and deletion of this region produces
azoospermia, suggesting that RBMY might be important
in spermiogenesis. Human AZFc encodes seven genes
and consists of inverted repeats, direct repeats and palin-
dromic DNA sequences. Because they are exclusively
expressed in the testis, deletion of these genes might
cause male infertility. Indeed, deletions in the four DAZ
genes in the AZFc region have been reported in about
10% of human azoospermia cases. It is difficult to under-
stand the molecular mechanisms of the genes on the Y
chromosome, because the DNA includes many repetitive
sequences and species-specific genes. Our understand-
ing of male infertility and the evolution of genes will
likely be advanced by analysis of the Y chromosome.

POLYMORPHISMS AND MUTATION OF 
SPERMATOGENESIS-SPECIFIC GENES

MALE GERM CELL-SPECIFIC genes function only in
male germ cell differentiation and are not expressed

in females. Various forms of partial Y chromosome
deletion account for approximately 10–15% of male
infertility cases.45 The deletions that cause infertility are,
by definition, not heritable.46 The number of possible
combinations of single nucleotide polymorphisms
(SNP) is enormous, and mutations or combinations of
SNP in genes expressed ubiquitously in somatic cells
might introduce serious illness through both germ cells
and somatic cells, and some rare combinations might
even lead to male infertility (Table 1). Mutations and
SNP in haploid germ cell-specific genes on the autosome
will, in theory, be transferred to the next generation by
the female, and this mechanism might cause male
infertility at a high frequency. Mutations and SNP in the
PRM gene, which is not expressed in females, have been
reported to cause haplo-insufficiency in males (Table 1).
Analyses of mutations and SNP germ cell-specific genes
within the autosome are therefore important in under-
standing the causes of male infertility.16

THE NECESSITY OF INDEPENDENT SOMATIC 
AND GERM CELL DIFFERENTIATION

EACH MAMMAL REPRESENTS a collection of specially
differentiated cells, such as germ cells. Germ cell

differentiation is directed by a combination of germ
cell-specific gene products and gene products common
to both germ cells and somatic cells. The primary differ-
ences between germ cells and somatic cells are the
occurrence of meiosis with subsequent formation of
male and female gametes, imprinting, and telomeric
maintenance that assures cellular immortality. A PGC
undergoes a differentiation process that is distinct from
that of somatic cells at an extremely early stage of embryo
formation.3 PGC are distinct from the somatic cells
that enter the somatic tissue that constitutes the gonadal

Table 1 Single nucleotide polymorphisms and mutations
associated with infertility of men

Gene Expression Chromosome Reference

PRM2 testis 16p13.2 50
DAZL testis 3p24.3 51
TNP1 testis 2q35–q36 52
MTHFR ubiquitous 1p36.3 53
POLG ubiquitous 15q25 54
BRCA2 ubiquitous 13q12.3 55
PRM1 testis 16p13.2 56
GRTH testis 11q24 57
ACT testis 6q16.1–q16.3 58
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primordium. Why don’t mammalian gonadal cells simply
differentiate into germ cells in many multi-cellular
organisms? This seemingly circuitous phenomenon has
likely been preserved precisely because it is important.

Considering this, if a germ cell is derived from a
certain type of differentiated somatic cell, then the germ
cell must first differentiate into that somatic cell before
dedifferentiating into a germ cell (Fig. 2, left). Alterna-
tively, the germ cell differentiation process may be
independent of somatic differentiation (Fig. 2, right).
One criterion for defining the successful evolution of an
organism is whether each step in its cellular differenti-
ation allows the process to be efficiently concluded. This
suggests that if germ cells differentiate after following a
separate course of differentiation, cycling of germ cell and
somatic differentiation could cause them to interfere
with each other. As a result, it would be more difficult
for evolution to act on cellular differentiation processes

involving cells that share a differentiation process
(somatic) than on cells that do not share a differenti-
ation process (germ). The roles of the gonadal primor-
dium and germ cells are very different. Considering the
entire developmental process, we therefore see that
evolution is facilitated by avoiding the coexistence of
the two differentiation processes. An independent
differentiation system allows evolution to act equiva-
lently on various cellular differentiation processes in an
individual, and contributes to a specific differentiation
system for certain somatic cells (i.e. sharing the differ-
entiation process with germ cells is avoided).

At the gene level, germ cell differentiation is based on
specific gene groups that are independent of those that
support certain types of somatic cell differentiation,
and this eliminates interference with the development
of the individual, and allows germ cell-specific genes to
easily undergo changes that make germ cell differentiation

Figure 2 Schematic representation of the differentiation lineage of germ cells in the constitution of the individual. The left
column shows the ‘Distinctive evolutionary model’ in which the gamete that carries genes to the next generation differentiates
into organ A in the embryo, and next differentiates into gametes. The right column shows the ‘Equal evolution model’ in which
the gamete differentiates from the embryo independent of other cells. In the left model, the differentiation of organ A is
indispensable for the gamete. The criteria for the evolution of cell differentiation (A and G) in the left model are more complex
than in the right model because it is necessary to serve purposes in two forms of cell differentiation (A and G). In the right model,
evolution is almost equal between germ cell differentiation and other cell differentiation (the lowest boxes). The upper red circle
represents a multipotent fertilized egg. The fertilized egg undergoes embryonic growth and forms an individual that consists of
various differentiated organs and specific differentiated cells (A–D). The cell with the ability to differentiate into a gamete is
shown in G. Red arrows indicate the lineage of germ cell differentiation.
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distinct. Recent reports have described a group of iso-
zymes distinct from somatic cell enzymes that function
in the glycolytic pathway during spermiogenesis.1,47 All
cells in a mature organism undergo glycolysis, particu-
larly the cells of muscles and similar somatic tissues.48

The presence of a separate glycolytic isozyme group in
germ cells therefore frees germ cells from the need to
coordinate their genetic evolution with that of somatic
cells. The independence of genes involved in germ cell
differentiation is important for facilitating evolution,
and explains why many germ cell isozymes are distinct
from those of somatic cells. Many germ cell-specific
isozyme genes49 do not have introns,1 suggesting that they
might have been duplicated in the course of evolution
from ubiquitously used genes through retrotransposi-
tion, thereby establishing the genetic independence of
germ cells from somatic cells. In some cases, when
necessary, these isozymes are consolidated.

PERSPECTIVE

ALTHOUGH FERTILITY TREATMENT technology has
improved, artificial materials in the environment

are increasing, and numbers of ejaculated sperm are
decreasing. A relationship between decreasing sperm
numbers and an increase in infertile couples is feared,
although the mechanism of action is uncertain. There-
fore, a more thorough understanding of the specific
mechanisms and processes of germ cell differentiation is
still needed.
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